Spinal muscular atrophy with respiratory distress type 1 (SMARD1) is an autosomal recessive motor neuron disease causing distal limb muscle atrophy that progresses proximally and is accompanied by diaphragmatic paralysis. Neuromuscular junction (NMJ) alterations have been reported in muscles of SMARD1 model mice, known as nmd mice, with varying degrees of severity, suggesting that different muscles are specifically and selectively resistant or susceptible to denervation. To evaluate the extent of NMJ pathology in a broad range of muscles, a panel of axial and appendicular muscles were isolated and immunostained from nmd mice. These analyses revealed that selective distal appendage muscles were highly vulnerable to denervation. Susceptibility to pathology was not limited to NMJ alterations, but included defects in myelination within those neurons innervating susceptible muscles. Interestingly, end plate fragmentation was present within all muscles independent of the extent of NMJ alterations, suggesting that end plate fragmentation is an early hallmark of SMARD1 pathogenesis. Expressing the full-length IGHMBP2 cDNA using an adeno-associated virus (AAV9) significantly decreased all aspects of muscle and nerve disease pathology. These results shed new light onto the pathogenesis of SMARD1 by identifying specific motor units that are resistant and susceptible to neurodegeneration in an important model of SMARD1.
Introduction
Spinal muscular atrophy with respiratory distress type 1 (SMARD1, OMIM 604320) is a devastating motor neuron disorder that manifests during infancy and leads to premature death, typically within 2 years of age (1, 2) . SMARD1 presents with a broad spectrum of clinical features but is primarily associated with severe muscle atrophy that initiates within distal limb muscles and progresses proximally (1, (3) (4) (5) . Although distal limb muscle atrophy is a major symptom, the most critical complication is respiratory failure due to diaphragmatic paralysis, typically manifesting within the first few months of life (1, 3, 5, 6 ).
In the majority of cases, children with SMARD1 require permanent artificial mechanical ventilation (1, 2, (4) (5) (6) . Selective loss of alpha motor neurons in the ventral horns of the spinal cord and subsequent neuromuscular junction (NMJ) denervation is the main cause of muscle atrophy (7, 8) . The molecular basis of SMARD1 arises from loss-of-function mutations in the immunoglobulin-l-binding protein 2 (IGHMBP2) gene located in chromosome 11q13.3 (3, (9) (10) (11) . To date, no effective SMARD1 therapeutic treatments exist.
IGHMBP2 is a ubiquitously expressed protein that contains a RNA/DNA helicase domain, an ATP binding motif, a zinc finger domain, and nucleic acid binding domain with homology to the UPF1-like superfamily 1 helicases (9, (12) (13) (14) . Most intragenic mutations identified in SMARD1 patients reside within these conserved domains (1, 2, 15, 16) . Biochemical studies of IGHMBP2 have demonstrated transcription (17) and pre-mRNA processing activity; however, the most well-described function is in translation where it interacts with factors including tRNA Tyr, Reptin, Potin, TFIIIC220, and ABT1 (17) . A genetic suppressor of the nmd phenotype was shown to encode several tRNA Tyr genes (17) , suggesting that IGHMBP2's role in translation was directly related to disease development. The specific role that IGHMBP2 plays in translation remains to be clarified, and the mechanisms by which loss of function leads to selective loss of alpha motor neurons is not understood (18) (19) (20) .
The murine Ighmbp2 gene is highly homologous to the human IGHMBP2 gene. A mouse model for SMARD1, called nmd for neuromuscular degeneration, was identified as a spontaneous mutation within Ighmbp2 (21, 22) . This mutation generates a splice site alteration within intron 4, resulting in aberrant splicing of Ighmbp2 mRNA and an approximately 75%-80% reduction in functional Ighmbp2 protein (21, 22) . The first disease phenotype associated with nmd mice, namely hindlimb muscle weakness, occurs approximately at postnatal day (PND) 21 with severe paralysis by 5 weeks and survival up to 14 weeks (18, 21, 23) . Unlike spinal muscular atrophy (SMA) mice, nmd mice show significant motor neuron loss prior to disease symptoms with approximately a 40% reduction by PND10, followed by a plateau and then progressive motor neuron degeneration until death (8, 18) . No motor end plate degeneration is detected prior to motor neuron degeneration and compound motor action potential values were significantly decreased while motor nerve conduction velocity values were normal in nmd mice (8, 18) . Early loss of motor neurons as well as loss of large caliber axons in distal peripheral nerves, which correlate with NMJ denervation, are features shared by the nmd mouse model and SMARD1 patients (5, 8, 18, 24, 25) . Unlike SMARD1 patients, nmd mice do not demonstrate severe respiratory distress until the end stage of the disease and appear to die as a result of dilated cardiomyopathy not typically present in SMARD1 patients (1, 23) . While no SMARD1-specific therapeutics exist, gene replacement via an AAV9-IGHMBP2 vector significantly reduced disease severity in the nmd mouse in multiple preclinical studies (19, 20) .
Loss of alpha motor neurons is a common feature of motor neuron diseases such as amyotrophic lateral sclerosis (ALS) (26, 27) , spinal muscular atrophy (SMA) (28) (29) (30) , and spinal and bulbar muscular atrophy (SBMA) (31) . Moreover, systemic analyses of different SMA mouse models has revealed selective vulnerability within specific motor units, suggesting that a subset of motor neurons are more vulnerable to denervation (27, 29, 32, 33) . To uncover the molecular mechanisms underlying differential susceptibility, transcriptomic analyses of differentially vulnerable motor neurons was performed in ALS, SBMA, and SMA disease contexts, revealing a discrete number of potential disease-modifying targets common to each motor neuron disease (34) . Interestingly, several studies on nmd mice report different levels of NMJ denervation in diaphragm (20) , gastrocnemius (8, 19, 20) , and quadriceps (20) muscles, suggesting that selective vulnerability of motor neurons is also a feature of SMARD1. Finding specific selective resistant and vulnerable motor units in SMARD1 will allow cross-disease comparisons to identify disease-modifying targets for therapeutic treatment.
In this report, NMJ pathology was systematically evaluated in clinically relevant muscles from the neck, trunk, and appendages to determine whether selective vulnerability to denervation existed within the nmd mouse. Since SMARD1 patients exhibit axonal loss and myelination pathologies (6, 24) , axonal pathology was also examined to determine if myelination alterations were present in a similar pattern in nmd mice. We also determined whether NMJ and myelin pathologies within these vulnerable populations could be alleviated by gene replacement therapy using the AAV9-IGHMBP2 vector. Our results revealed that NMJ denervation in nmd mice is increased in muscles of the distal limbs compared to trunk and neck muscles. Consistent with the NMJ pathology, axonal myelination alterations were also identified within nerves of highly vulnerable muscles, but not in nerves of resistant muscles. Furthermore, NMJ end plate fragmentation, which has not been previously described in nmd mice, was present in all muscles independent of denervation vulnerability. Finally, presymptomatic administration of AAV9-IGHMBP2 prevents NMJ pathology independent of resistant/susceptible status. Collectively, these results provide insight into the neurodegenerative phenotype of the nmd mouse and SMARD1 pathology and demonstrate that even the severe axonal and NMJ pathologies detected in the vulnerable populations can be reversed by early administration of AAV9-IGHMBP2.
Results
Distal appendicular muscles are highly vulnerable to NMJ denervation in nmd mice
To investigate whether particular motor units were resistant or vulnerable to disease development in nmd mice, muscles were isolated from clinically relevant anatomical regions of the body. , extensor digitorum longus (EDL), lumbricals, and flexor digitorum brevis (FDB) 2, 3, and 4] were categorized as distal appendicular muscles. Immunohistochemical labeling using antibodies against neurofilament-heavy (NF-H) and synaptophysin was to visualize the axon and the presynaptic axon termini, while fluorochrome-tagged alpha-bungarotoxin was used to visualize the postsynaptic end plates.
For these analyses, muscles from 8-week-old nmd and control mice were harvested and analyzed in a blinded manner (Fig. 1) . At this stage, all nmd animals are symptomatic and display the characteristic hindlimb paralysis phenotype. NMJ defects were quantified within each anatomical area based on: 1) denervation, 2) partial denervation, or 3) fully innervated. NMJ innervation was determined according to the overlap between the axon terminal and the NMJ end plate. Complete overlap between terminal and end plate was considered full innervation, while incomplete overlap was considered partial denervation, and absence of axon terminal over an end plate was considered full denervation. In nmd mice, a subset of skeletal muscles were identified that were resistant to denervation, including the cLAL and the diaphragm; in contrast, muscles including the gastrocnemius and the FDB muscles displayed significant denervation (Figs 1 and 2 ). Of the resistant muscles, the cLAL (ear movement) and masseter (jaw) muscles exhibited no detectable denervation at a symptomatic stage of disease that AAV9-IGHMBP2 treatment of nmd mice significantly reduces NMJ pathology in all muscle groups analyzed (A, B, and C). Data were analyzed by one-way ANOVA followed by a Bonferroni post hoc test for multiple comparisons. Data expressed as mean 6 SEM. *P < 0.05, **P < 0.001, and ***P < 0.0001. n.s., not significant. n ¼ 3 animals per treatment. development (Figs 1A and 2). However, within the LC and SC (neck movement) muscles, there was a significant decrease in fully innervated NMJs as only 40%-60% of all end plates were fully innervated (Fig. 1A) . These results suggest that within muscles of the anterior region, there are resistant muscles (cLAL and masseter) and susceptible muscles (LC and SC) to denervation. A similar pattern was observed in the trunk muscles (LD) and those involved in respiration (diaphragm, TVA, SPI). This group of muscles also comprised resistant and vulnerable muscles. Denervation was not substantial within diaphragm and SPI muscles, whereas a significant reduction in fully innervated NMJs was observed in the LD and TVA muscles as only $40% and $60% of NMJs, respectively, were fully innervated (Figs 1B and 2). Moreover, no difference in denervation levels was observed between the diaphragm, SPI, cLAL, and masseter. Interestingly, the diaphragm, TVA, and SPI muscles, all associated with respiration, demonstrated varying degrees of denervation.
The greatest discrepancy between vulnerable and resistant populations was observed within the NMJ integrity of distal appendicular muscles. Of this group of muscles, the gastrocnemius muscle was most severely affected as <5% of the total NMJs were fully innervated (Figs 1C and 2). Similarly, the TA, biceps, and triceps ( Fig. 1C and Supplementary Material, Fig. S1 ) displayed a significant decrease in the number of fully innervated end plates, ranging from $35% to $60%. In contrast, while the EDL and lumbrical muscles had a decrease in fully innervated end plates ($65% fully innervated), there was no significant change in denervation as these muscles were at least partially innervated (Fig. 1C) . FDB-2, 3, and 4 muscles, a collection of muscles within the foot, all showed significant denervation as each muscle had only <10%, $20% and $18% of fully innervated NMJs, respectively (Figs. 1C and 2). Collectively, these results demonstrate that subpopulations of resistant and susceptible neurons are present within nmd mice that exhibit significant disease phenotypes.
Distal appendicular muscles are the most vulnerable to NMJ denervation
NMJs within the gastrocnemius and the foot muscles FDB-2, 3, and 4 appeared to be most susceptible to partial and full denervation. To determine whether there was a correlation between the anatomical region and/or function, the percentage of fully innervated NMJs was compared across all muscles groups between wild-type and nmd mice (Fig. 3) . Out of the 16 muscles analyzed, the gastrocnemius muscle of nmd mice was the most vulnerable, as very few detectable fully innervated NMJs were present (<1.0%) (Fig. 3) . The foot muscles FDB-2 ($3%), FDB-3 ($21%), and FDB-4 ($18%) were minimally innervated, whereas the lumbricals showed decreased innervation with significant variability (Fig. 3) . Forelimb (biceps and triceps) and hindlimb (TA) muscles all demonstrated significant denervation, although less than the gastrocnemius (Fig. 3) . Interestingly, adjacent muscles in the hindlimb, the gastrocnemius, EDL, and TA showed significant variability in the number of fully innervated NMJs (<1% to $65%) (Fig. 3) . At the 8-week time point, each of the muscles was examined, and the diaphragm, which becomes paralyzed in SMARD1 patients, showed a high degree of resistance to NMJ denervation in nmd mice with nearly 80% fully innervated NMJs (Fig. 3) . Similar results were observed within the SPI muscle that showed $80% fully innervated NMJs. In contrast, the TVA muscle, a muscle also used for respiration, showed significant decrease in full innervation as only $57% of its NMJs were fully innervated. These results indicate that, although a wide range of muscles from different anatomical regions show vulnerability to NMJ denervation, the distal appendage muscles are the most vulnerable to denervation.
End plate fragmentation occurs in NMJ of nmd muscles independent of denervation status End plate fragmentation is a key pathological feature in mouse models of Duchenne muscular dystrophy (DMD) and in aging deteriorating muscle fibers (35, 36) . To determine if end plate fragmentation was also observed in muscles affected with SMARD1, muscles from nmd mice were examined at 8 weeks of age (Fig. 4) . In the masseter and diaphragm muscles, which showed low levels of NMJ denervation, end plate fragmentation was observed within $8% to 20% of total end plates; the difference did not reach statistical significance (Fig. 4A) . Interestingly, the LAL muscle, which did not show significant NMJ denervation, demonstrated significant end plate fragmentation ($50%) (Fig. 4) . Representative double-labeled images revealed fragmented end plates (Fig. 4B , white arrows) in LAL muscle of untreated nmd mice that were not found in wild-type controls.
Muscles from the neck, trunk, and distal appendicular regions with insignificant denervation (SPI and EDL and LC) all demonstrated substantial end plate fragmentation (Supplementary Material, Fig. S2 ). The TA, gastrocnemius, and FDB muscles with significant denervation also showed significant end plate fragmentation (62%, 95%, and (0%-97%, respectively) ( Fig. 4B and Supplementary Material, Fig. S2 ). Further analysis of the rest of the muscles analyzed from each of the three anatomical regions (neck, trunk, and appendages) displayed a significant percent of fragmented end plates (Supplementary Material, Fig. S2 ). Remarkably, the presence and abundance of fragmented end plates had no correlation with the percent decrease in fully innervated NMJs.
Vulnerability to pathology within innervating nerves of vulnerable muscles
In peripheral nerves, a single Schwann cell innervates a segment of an axon, referred to as the internode. During development, a correlation between internode length and fiber diameter is established, allowing the nerves to optimally transmit impulses (37) (38) (39) . Alterations to this correlation, by demyelination or remyelination, disrupt optimal impulse speed and lead to pathology (40, 41) . To investigate if vulnerability extends to the nerves of affected muscles, myelin structure/integrity was examined in nerves that innervate highly vulnerable or resistant muscles: the gastrocnemius and the masseter, respectively. Individual fibers were teased from the tibial nerve, which innervates the gastrocnemius muscle, and the distance between the nodes of Ranvier, or the internode length, and fiber diameter were measured from wild-type and nmd mice ( Fig. 5A and B) . As expected, there existed a correlation between fiber diameter and internode length in both wild-type and nmdteased fibers (Fig. 6A) . Linear regressions of fiber diameter relative to internode length were calculated and found to be significantly different (P < 0.0001), with r 2 of 0.204 and 0.01239 for nmd and wild type mice, respectively. Interestingly, these comparisons suggested a shift in the overall fiber diameter and internode length in nmd tibial fibers toward smaller values. Additionally, a significant decrease (P ¼ 0.0001) in mean fiber diameter of tibial nerve fibers was observed when compared to wild type (6.19 6 0.07 lm versus 7.89 6 0.09 lm, respectively) (Fig. 6B) . Mean internode length was also significantly reduced (P < 0.0001) in nmd tibial nerve fibers compared to controls (554 6 5.6 lm versus 707 6 6.0 mm, respectively) (Fig. 6C) . Reduced internode length and fiber diameter are typical alterations that result from demyelination/remyelination events (40, 41) . Since changes in fiber diameter and internode length were present, the frequency of axons showing myelin defects indicative of demyelination were quantified (Fig. 5B) . Strikingly, the tibial nerve had a significantly higher number of randomly selected fibers showing segmental demyelination, myelin fragmentation, or complete demyelination in nmd mice as compared to controls ($37% versus $0.6%, respectively, P ¼ 0.0135) (Fig. 6D) .
To investigate if similar nerve pathology was present in nerves of resistant muscles, fiber morphology was analyzed in the anterior mandibular division of the trigeminal nerve, which innervates the masseter (resistant) muscle (Supplementary Material, Fig. S3 ). In contrast to tibial nerve fibers, no differences were observed in the linear correlation between fiber diameter and internode length of nmd and wild-type trigeminal nerve fibers (r 2 ¼ 0.00095 versus 0.2343, respectively) (P ¼ 0.2343) (Fig. 7A) . No differences in mean fiber diameter (5.68 6 0.04 lm and 5.59 6 0.05 lm) (Fig. 7B ) or internode length (396 6 4.4 lm and 404 6 4.3 lm) (Fig. 7C ) between nmd and wild-type controls, respectively, were observed. In all axons examined, no signs of myelin alterations were found in trigeminal nerve fibers of nmd or wild-type controls (Fig. 7D ). These data demonstrate that vulnerability to pathology is not restricted to just muscle or neuronal tissue but also extends to the myelinating Schwann cells of nerves that innervate vulnerable muscles. These data bring to light a new and important target for the investigation of disease pathology in the nmd mouse model. Therefore, therapeutics designed to prevent/restore nmd phenotype must address the complete motor unit: neuron myelinating Schwann cells and muscle. comparisons. Data are expressed as mean 6 SEM. **P < 0.001; ***P < 0.0001. n.s., not significant. n ¼ 3 animals per treatment.
AAV9-IGHMBP2 treatment prevents widespread NMJ pathology development
To determine whether the nmd-associated pathology was preventable and/or reversible, a potent gene therapy vector, AAV9-IGHMBP2, was delivered to neonatal nmd mice. We and others have demonstrated that neonatal delivery of AAV9-IGHMPB2 significantly extends survival and reduces disease severity in nmd mice (19, 20) . Neonatal delivery (PND 2) of AAV9-IGHMBP2 significantly improved the pathology of vulnerable muscles by preventing the development of NMJ defects (Figs 1 and 2 and Supplementary Material, Fig. S1 ). As anticipated, AAV9-IGHMBP2 treatment did not further enhance or diminish NMJ structural integrity in resistant muscles (cLAL, masseter, diaphragm) (Figs 1 and 2 and Supplementary Material, Fig. S1 ). Independent of the degree of denervation caused by SMARD1 development, early administration (PND 2) of AAV9-IGHMBP2 reduced NMJ alterations in nmd mice. The percent of end plates displaying full innervation within the LC, LD, SC, and TVA was significantly increased at 8 weeks of age (Figs 1 and 2) . Even the most susceptible muscles, the gastrocnemius, TA, biceps, triceps, and FDBs, demonstrated significant changes in innervation ( Fig. 1 and Supplementary Material, Fig. S1 ). Moreover, neonatal delivery of AAV9-IGHMBP2 prevents mild and severe denervation across a broad range of disease-relevant muscles (Fig. 1) .
End plate fragmentation was significantly improved to normal across all muscles analyzed following AAV9-IGHMBP2 treatment (Fig. 4 and Supplementary Material, Fig. S2 ), although as noted previously, end plate fragmentation did not correlate with denervation susceptibility. LAL NMJs, which were resistant to denervation but susceptible to end plate fragmentation, were fully restored and were indistinguishable from wild-type samples (Fig. 4) . Interestingly, AAV9-IGHMBP2 nearly eliminated end plate fragmentation within NMJs of the even most susceptible muscles (Fig. 4 and Supplementary Material, Fig. S2 ). These results show that early administration of AAV9-IGHMBP2 successfully prevents development of NMJ pathology in nmd mice.
Discussion
While initially identified as a spontaneous mutation resulting in a neurodegenerative phenotype, the nmd mouse has been an important tool in the molecular and cellular understanding of SMARD1. Similar to SMARD1 patients, muscle weakness and atrophy attributed to NMJ denervation in the nmd mice initiates in distal limb muscles like the gastrocnemius and quadriceps muscles as early as P16 (8,18) (or 1 month of age in humans) and progressively deteriorates with age (5, 24, 42) . Here, we provide further evidence that shows a differential degree of vulnerability to NMJ pathology in a panel of clinically relevant muscles. Distal limb muscles, like the gastrocnemius and FDBs muscles, were found to be the most vulnerable to denervation as they showed near, or over, 90% NMJ denervation by 8 weeks of age. These data are consistent with the previous reports investigating the gastrocnemius muscle in mice (8, (18) (19) (20) and humans (5, 24, 42) . A major disparity between the nmd model and human SMARD1 pathogenesis is the absence of early diaphragmatic paralysis in the mice, which in humans has been attributed to loss of end plate innervation (24) . Reports on nmd diaphragm pathology have been variable with some reporting about 50% NMJ denervation by 4 weeks of age (20) or no loss of NMJ denervation at 5 weeks (8) or even at 14 weeks (18) . This lack of NMJ denervation in the diaphragm has been in part attributed to axonal sprouting and increased motor unit size (8) .
Our current data show further evidence that no major NMJ denervation is found in the diaphragm of the nmd mice at 8 weeks of age, which has previously been attributed by motor axon sprouting and reinnervation of vacated end plates (8) . However, in the current study, we found an abundance of fragmented end plates in all muscles examined, including the diaphragm at 8 weeks of age, indicating end plate deterioration (35, 36) . While the presence or absence of end plate fragmentation did not correlate with resistant or susceptible NMJ phenotypes, the most severely denervated muscles (gastrocnemius and FDBs) were composed of almost exclusively of NMJs with a fragmented end plate structure. These data suggest that severe fragmentation of the end plate in muscle fibers might hinder the ability of sprouting axons to reinnervate vacated end plates, thus resulting in severe loss of innervation in muscles with high levels of fragmented end plates. The presence of fragmented end plates in all muscles analyzed regardless of denervation degree supports the idea that IGHMBP2 has independent effects in different terminally differentiated tissues (23, 43) and highlights the need for system-wide therapeutics. Whether IGHMBP2 plays a direct role in preventing end plate fragmentation or whether it is due to downstream events remains to be determined.
SMARD1 shares common pathology features with other motor neuron diseases, like selective motor neuron loss that leads to muscle atrophy despite having a distinct genetic cause (19, 20, 26, 27, 29, 32) . Comparative analysis of NMJ pathology identified specific groups of motor units with selective vulnerability in SMA, ALS, and SBMA, and subsequent transcriptomic analysis revealed genes that were differentially regulated in vulnerable versus resistant tissues (44) (45) (46) . In this study, we provide detailed analysis of the nmd pathogenesis and demonstrate that not all functionally relevant muscles develop NMJ pathology to the same degree. We identified two muscle groups, gastrocnemius and FDBs, which show the highest vulnerability to denervation in nmd mice. In addition, we demonstrate that vulnerability to pathology also affected the structural integrity of the nerve fibers innervating selectively vulnerable muscle groups. Thus, these findings identify specific motor units that could be used for further analyses aiming at investigating the potential mechanisms by which selective vulnerability occurs in the nmd mouse. Axonal demyelination is a significant pathological component in demyelinating diseases such as multiple sclerosis and Charcot-Marie-Tooth, which leads to axonal nerve dysfunction by directly impairing electrophysiological properties of the axon (47) (48) (49) (50) (51) . Initial reports have also indicated that myelin alterations exist in SMARD1 (4, 24) . Similarly, reports on ALS have demonstrated development of myelin structure and stability in ALS patients (52, 53) . Moreover, defects in the peripheral nervous system that are intrinsic to the myelinating Schwann cells have been reported in multiple models of SMA (54, 55) . These data indicate that myelinating Schwann cells play an important role in disease severity in these neuromuscular diseases. Our current analysis suggests that in the nmd mouse, Schwann cells might also be susceptible various levels of disease vulnerability. Utilizing Schwann cells as disease-modifying targets in the nmd phenotype offers a new avenue for therapeutic investigation since Schwann cells, which unlike motor neurons, can be useful due to their regenerative properties. Further investigation into the contributions of Schwann cells to the pathology in SMARD1 will be required to assess their potential for therapeutic treatments of the disease.
Our analysis revealed that fragmentation of the end plate is a prominent feature of nmd pathology that has not been reported or examined in previously (8, 19, 20) . Given that end plate fragmentation was found in all muscles analyzed regardless of denervation and that this alteration was successfully prevented by AAV9-IGHMBP2 treatment suggests that IGHMBP2 plays an important role within muscle fibers for end plate maintenance. End plate fragmentation is an alteration commonly found in mouse models of DMD, in which it has been demonstrated to impair NMJ function and prevent proper muscle contraction leading to pathology (35, 56, 57) . Moreover, end plate fragmentation has also been observed in SMA (58), SBMA (59) , and in ALS patients (60) . These observations indicate that fragmentation of the end plate is a common alteration seen in multiple neuromuscular diseases, which suggests that this alteration might be critical across multiple disease settings and highlights the importance for future study. Investigation into the mechanisms leading to end plate fragmentation in nmd could reveal pathways that are common across multiple neuromuscular diseases, which in turn can help identify potential therapeutic targets for disease treatment. Consistent with this notion, recently a discrete subset of differentially expressed genes was identified between vulnerable and resistant muscles (34) . Across several neurodegenerative diseases, such as SMA, ALS, and SBMA, these genes were aberrantly expressed; however, reintroduction of one of the significantly reduced genes-SNCA1-partially rescues the NMJ pathology and significantly extended survival. This type of analysis in nmd could lead to the identification of modifying genes as well as druggable pathways and genes that reduce disease severity.
Materials and Methods

Animal procedures and injection
All animal procedures were carried out in accordance with procedures approved by NIH and MU animal Care and Use Committee. The nmd animals were genotyped at P1 according to the genotyping procedure outlined by the distributor Jackson Laboratories (Jackson Laboratories, Bar Harbor, ME). Mice underwent intracerebroventricular (19, 61, 62) 
Immunohistochemistry of NMJs
Eight-week-old wild-type, nmd, and nmdþAAV9-IGHMBP2 treaded male mice were used. Muscles were dissected out from previously fixed mice. Whole-mount preparations were done for several muscles from different areas of the body. Neck muscles included LC, SC, cLAL, and masseter muscles. Trunk muscles included SPI, LD, TVA, and Diaphragm. Appendage muscles included biceps, triceps, gastrocnemius, TA, EDL, Lumbricals, FDB-2 FDB-3, and FDB-4. Thick bulkier muscles, like gastrocnemius, masseter, and TA, were teased into bundles of 10-15 muscle fibers to promote penetration of antibodies. Thin ribbon-like muscles were used intact as antibody penetration was not an issue. Muscles were stained using specific antibodies, including anti-NF-H (1:2000; catalog AB5539, Chemicon, EMD Millipore, Burlington, MA), anti-synaptophysin (1: 200, catalog YE269, Life Technologies). Acetylcholine receptors were labeled with Alexa Fluor 594-conjugated a-bungarotoxin (1: 200; Life Technologies, Carlsbad, CA). Representative muscle images for were taken using a laser scanning confocal microscope (Â40 objective; Leica TCS SP8, Leica Microsystems Inc.). NMJ analysis was performed on at least three randomly selected fields of view per muscle per mouse (Â20 objective; Leica DM5500 B, Leica Microsystems Inc.). Images were analyzed using freely available Fiji Software (NIH). End plates missing overlapping nerve terminal staining were considered completely denervated. End plates with partial overlap were considered partially denervated, and end plates with complete overlap were considered fully innervated. End plate morphology was assessed for normal (pretzel shape) or fragmented structure (Supplementary Material, Fig. S4A 
Teased fiber analysis
Tibial nerve and the anterior mandibular division of the trigeminal nerve were dissected out from previously fixed animals. Nerves were rinsed in 1Â PBS for 5 min and transferred to a saturated solution of Sudan black in 70% ethanol and allowed to incubate for 1 h at room temperature. The samples were then rinsed twice in 70% ethanol for 5 min and transferred to a 10% glycerol solution. Fifty to 100 randomly selected axon bundles were separated from each nerve and transferred to a microscope slide containing a thin layer of 20% glycerol:BSA (1:1). Individual fibers were teased apart from the bundle and laid out on the glass slide. Fibers were then allowed to dry overnight on a 50 C hot plate. Digital photos of the fibers were taken using a Zeiss Axiovert 200M inverted microscope and analyzed using Fiji software (NIH). Internode length and respective axon diameter were measured from at least 200 internodes per sample and used to calculate the average internode length, fiber diameter. The frequency of fibers with segmental demyelination or myelin fragmentation were counted and represented as percentage of the total fibers teased per genotype.
Statistics
Statistical analyses were performed using GraphPad Prism version 6.0 (GraphPad Software Inc.) and Microsoft Excel version 15.19.1 (Microsoft Corp.) NMJ denervation and end plate structure data were analyzed by one-way ANOVA with a Bonferroni post hoc test for multiple comparisons. Internode, fiber diameter, and demyelination data were analyzed by Student's t-test. Pvalue < 0.5 was considered statistically significant.
Supplementary Material
Supplementary Material is available at HMG online.
